In situ scanning electron microscopy was performed during elevated-temperature (ഛ760°C) tensile-creep deformation of a face-centered-cubic cobalt-based Udimet 188 alloy to characterize the deformation evolution and, in particular, the grain boundary-cracking evolution. In situ electron backscatter diffraction observations combined with in situ secondary electron imaging indicated that general high-angle grain boundaries were more susceptible to cracking than low-angle grain boundaries and coincident site-lattice boundaries. The extent of general high-angle grain-boundary cracking increased with increasing creep time. Grain-boundary cracking was also observed throughout subsurface locations as observed for postdeformed samples. The electron backscattered diffraction orientation mapping performed during in situ tensile-creep deformation proved to be a powerful means for characterizing the surface deformation evolution and in particular for quantifying the types of grain boundaries that preferentially cracked.
I. INTRODUCTION
Recent progress in the development of in situ scanning electron microscopy (SEM) techniques for understanding the deformation behavior of materials, combined with the high-beam current and stability of a hot Schottkey field emission gun (FEG) and the latest camera technology for rapidly obtaining high-quality electron backscattered diffraction Kikuchi patterns (EBSPs), now allows for a unique capability for imaging surface deformation. It is possible to make unprecedented submicron resolved measurements of the local two-dimensional crystalstructure distribution in materials during high-temperature tensile-creep deformation. This article describes the technique that has been developed to acquire secondary electron (SE) detector images and electron backscattered diffraction (EBSD) orientation maps in situ during tensilecreep deformation at temperatures as high as 760°C.
Udimet 188 (also known as Haynes Alloy No. 188) is a cobalt-nickel-chromium-tungsten commercially available alloy with good creep strength and oxidation resistance up to 1093°C. It has exhibited good fabricability, tensile strength and elongation-to-failure, weldability, low-cycle fatigue resistance, and corrosion resistance. [1] [2] [3] [4] [5] [6] It has useful applications in gas turbines, combustors, flame holders, liners, and transition ducts. A complete understanding of the physical mechanisms responsible for the elevated-temperature creep behavior and associated microstructure-property relationships of Udimet 188 is lacking. Previous data have suggested that a high fraction of low-angle boundaries (LABs) and coincident site lattice boundaries (CSLBs) significantly enhances resistance to creep and grain-boundary sliding at elevated temperatures. 7 In this work, an in situ combined technique of surface imaging and EBSD orientation mapping during tensile-creep testing was used to gain an understanding of the deformation evolution in Udimet 188 and in particular the sequence of grain-boundary cracking.
II. EXPERIMENTAL
The as-received Udimet alloy 188 sheet material was subjected to the following strain annealing sequence: cold rolled to 10% or 25% deformation, followed by a solution treatment at 1191°C for 1 h, followed by air cooling. This sequence was repeated four times. The original thickness of the as-processed sheet was 8.4 mm, while the final thickness of the 10% cold-rolled sheet was 5.5 mm and the final thickness of the 25% cold-rolled sheet was 2.8 mm. The chemical composition of the as-processed material is listed in Table I . Spatially resolved EBSD orientation maps were obtained from polished sections to determine orientation relationships between grains and also to determine the grain-boundary character distribution (GBCD).
The GBCD describes the proportions of the different types of grain boundaries as described by the coincident site lattice (CSL) model. 8, 9 In the CSL model, the crystal orientation of either side of a grain boundary is determined and the associated misorientation across the grain boundary is then measured. If the lattices of two adjacent grains were allowed to interpenetrate, certain combinations of orientation relationship between the two lattices would result in a periodic array of coinciding sites. A boundary with a high density of coincident points implies a good fit between the adjacent grains. 8 The reciprocal density of the CSL points is denoted by ⌺. A twin boundary is represented as ⌺3, indicating that every third site at the boundary is coincident. LABs are defined as those boundaries containing misorientations between 2°and 15°. In this work, the boundaries with low ⌺ values (⌺ ഛ 29), and the LABs were together termed "special" boundaries. The general high-angle boundaries (GHABs) were defined as boundaries containing misorientations >15°that exhibited ⌺ values >29. Lehockey and Palumbo 7 have shown that a high fraction of special boundaries significantly enhances the resistance to creep of pure nickel at elevated temperatures. Other studies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have demonstrated significant improvements in a number of properties, including stress-corrosion cracking, fatigue, weldability, and creep, with an increase in the special boundary fraction. In terms of stress-corrosion cracking, Ni, Ni-16Cr-9Fe-xC, and Alloy 600 have shown significant improvements with increased fractions of special boundaries, 11, 13, 16, 19 and these findings have been attributed to both the intrinsic corrosion resistance, and the resistance to solute segregation and precipitation exhibited by special boundaries. In terms of creep resistance, it has also been shown that the presence of a high fraction of special boundaries decreases the creep rate of Ni, Ni-16Cr-Fe, Alloy 625, and Alloy 738. 7, 10, 15, 17, 18 In fact, pure Ni microstructures containing special grainboundary fractions in excess of 50% exhibit improvements of 15-fold and fivefold, respectively, in steadystate creep rate and primary creep strain. 7, 15 The EBSD hardware and software used in this work were manufactured by EDAX-TSL, Inc. (Mahwah, NJ). The specimens were ground mechanically using 15-, 6-, and 1-m diamond suspension for 600 s and then were polished using 0.06-m colloidal silica for 3600 s. The step size used to obtain the EBSD orientation maps was 0.5 m. The reported fractions of GHABs, LABs, CSLBs, and twins (⌺3) were the averaged values taken from several orientation maps, performed on the cross sections, rolling faces, and longitudinal sections of the thermomechanically processed sheet material.
Flat dog-bone-shaped samples, with gauge section dimensions of 3 mm wide by 2.5 mm thick by 10 mm long, were cut via electrodischarge machining (EDM). The EDM recast layers were removed through grinding. Images of the sample geometry and tensile stage are available in Ref. 20 , and details of this apparatus and the tensile-creep-testing technique can be found elsewhere. 21, 22 The specimens were glued to a metallic platen and polished to a metallographic finish (a 60-nm particle size was used for the final polish) using an automatic polishing machine. The tensile-creep experiments were performed using a screw-driven tensile stage built by Ernest F. Fullam, Inc. (Clifton Park, NY) placed inside the chamber of a FEI (Hillsboro, OR) XL-30 FEG SEM. A 4.4-kN load cell was attached to the end of the displacement assembly to monitor the load. The experiments were performed in load-control mode, and the samples were loaded to the creep stress at a rate of 3.7 N/s (50 lbs/min). Thereafter, the load was maintained at ±8 N of the desired creep load. The samples were radiantly heated at a rate of approximately 1°C/s, using a 6-mm-diameter tungsten-based heating element placed just below the gauge section of the sample. The heating element was surrounded by an insulating ceramic sheath, and only one face of the heating element was exposed. A direct current power supply operated at a constant voltage was used to produce the current needed to resistively heat the heating element. Cooling was provided using an open-bath chiller located outside the SEM chamber, which continuously circulated distilled water at 15-20°C through the copper and flexible tubing to the heater assembly. The temperature was monitored by a thermocouple spot-welded directly to the sample's gauge section. An additional thermocouple was placed below the heating element and was also monitored throughout the experiments. The samples were held at temperature for 30 min prior to the addition of a load to minimize thermal stresses. The load displacement-time relationship was obtained live during the experiments using MTESTW, version F 8.8e, data acquisition and control software (Admet, Inc., Norwood, MA). The displacement data acquired during the experiments comprised that of the sample as well as the gripping fixtures; therefore, the displacement values reported in this study do not represent the sole displacement of the sample's gauge section. At selected intervals during the experiments, SE images were obtained from identical areas of the sample without interrupting the creep experiment. The pressure within the SEM chamber never exceeded 3 × 10 −6 Torr throughout the duration of the experiments, which lasted up to 70 h. Two of the experiments were performed at temperature (T) ‫ס‬ 650°C and ‫ס‬ 300 MPa. The other five experiments were performed such that the applied stress was 220 MPa and the temperature was 760°C to mimic conventional creep experiments performed in air on this same material. 23 For these experiments, EBSD orientation maps were acquired both prior to and after deformation for identical areas of the sample. For one of these samples, EBSD orientation maps were acquired in situ at several intervals during the creep deformation for identical areas of the sample without interrupting the creep experiment. This was accomplished by tilting the SEM stage to approximately 66°with respect to the incident beam and inserting the EBSD detector to a distance of approximately 21 mm from the center of the electron beam. The working distance for this configuration was 29 mm, and the tilt correction feature was used to adjust for any foreshortening in the SEM images. The in situ EBSD orientation maps were acquired over an area of approximately 200 m × 200 m using a step size of 0.5 m in 1200 s (approximately 140,000 points were acquired with a speed of approximately 150 points per second). The amount of displacement measured by the testing assembly during this 20-min period was typically 7 m, and this small drift did not significantly disturb the orientation-mapping accuracy. The confidence of correctly indexing the EBSPs was high initially as >95% of the EBSPs were correctly indexed, though with increased time and displacement, the EBSP quality decreased. This was expected to be a result of several factors, including some surface topography due to the deformation/grainboundary cracking and the small amount of surface oxidation.
III. RESULTS AND DISCUSSION
The grain boundaries were intact and uncracked after the thermomechanical processing. Figure 1 1(d) ]. The GHAB, LAB, CSLB, and twin boundary fractions were 0.30, 0.50, and 0.39, respectively, for the 10% coldrolled material. The GHAB, LAB, CSLB, and twin boundary fractions were 0.35, 0.12, and 0.45, respectively, for the 25% cold-rolled material. If we consider that the combination of the LAB and CSLB fractions constitute the overall fraction of special boundaries, then the average special boundary fractions were 0.7 and 0.65, respectively, for the 10% and 25% cold-rolled materials. Thus, there was not a large difference in the GBCD between the two thermomechanically processed microstructures, both of which exhibited a majority of special boundaries. Each microstructure exhibited a small amount (<5 vol%) of fine spherical precipitates, which, based on previous literature, 6 were believed to be MC 6 or M 23 C 6 carbide precipitates that were homogeneously distributed throughout the equiaxed facecentered cubic (fcc) grains. The average fcc equiaxed grain size (including twins) was approximately 30 m and 39 m for the 10% and 25% cold-rolled microstructures, respectively.
Typical displacement-versus-time curves from the in situ tensile-creep experiments are shown in Fig. 2 . For all of the tensile-creep experiments performed, the 10% cold-rolled material tended to exhibit slightly lower displacement values for a given time than the 25% coldrolled material, which is consistent with previous observations made for conventional creep experiments. 23 The slightly greater volume fraction of special boundaries present in the 10% cold-rolled material may have accounted for the slightly lower displacement values observed as it has been observed that a high fraction of special boundaries leads to higher creep-rupture lives for nickel. 7 This result was suggested to be due to the inability of special boundaries to absorb extrinsic lattice dislocations that facilitate sliding and cavitation. In addition, Watanabe 24 showed that special boundaries slide much less than random boundaries during creep. It is noted that ductile failure was always evident in both microstructures. Although the samples were not etched, the grain boundaries were observed using SE imaging due to the thermal effects at temperatures above 600°C. Figures 3(a)-3(j) illustrate SE images taken at sequential displacement levels, indicated at the lower right-hand corner of the images, during tensile-creep deformation for a 10% cold-rolled sample tested at T ‫ס‬ 760°C and ‫ס‬ 220 MPa. The evolution of grain-boundary cracking is revealed by these images. It is noted that the estimated displacement that the heated gauge section underwent was less than this value as the displacement measurement included the entire sample and grip assembly. The microcracks grew into larger cracks, and were only observed at the grain boundaries and did not proceed into the grain interior. The grain-boundary cracks grew and became more extensive as the creep time and displacement increased. The cracks propagated both perpendicular and parallel to the loading direction, though the largest number of cracks was for boundaries closer to perpendicular to the loading axis rather than closer to parallel to the loading axis. Wider cracks were evident for boundaries perpendicular to the loading direction. The total number of boundaries characterized in the area represented by Fig. 3 was 92 , in which 41 were GHABs and 51 were either CSLBs or LABs. Figures 4(a)-4(j) are EBSD image-quality maps for the same area. The black areas at the grain boundaries highlight regions where indexable EBSPs were not possible. Figure 5 indicates the boundaries that cracked during the experiment (black line overlaid) for the same area represented in Figs. 3 and 4 . It is clear that the cracks tended to form on the GHABs. Combining the observations for all of the samples examined (including well over 500 boundaries analyzed with approximately 200 cracked boundaries), over 85% of the boundaries that exhibited cracking were GHABs. This implies that CSLBs and LABs are less susceptible to grain-boundary cracking than GHABs during the creep deformation of this alloy. Evaluation of polished gauge sections of the deformed creep specimens confirmed that grain-boundary cracking occurred within the subsurface bulk of the material as well. Due to the amount of deformation and the inability to obtain EBSD data from subsurface locations prior to testing, it could not be deciphered whether the majority of the subsurface grain-boundary cracks originated at GHABs. Future work is intended to understand and model why certain GHABs are more susceptible to cracking than others. 
IV. SUMMARY
This work describes the technique that has been developed to acquire SE detector images and EBSD orientation maps during tensile-creep deformation at temperatures as high as 760°C. EBSD observations during deformation proved to be useful for quantifying the types of grain boundaries that have preferentially cracked. To summarize, the tensile-creep deformation evolution of a cobalt-based superalloy, Udimet 188, processed using a grain-boundary-engineering approach, was evaluated using surface observations during in situ tensile-creep testing in a SEM chamber. This alloy exhibited surface cracking that initiated and propagated preferentially at GHABs. FIG. 5 . EBSD inverse pole figure orientation map indicating the boundaries that cracked during the experiment (black line overlaid) for the same area indicated in Figs. 3 and 4 . Several of the grain boundaries are labeled (R ‫ס‬ GHAB, ⌺3 ‫ס‬ twin, L ‫ס‬ LAB, ⌺"X" ‫ס‬ CSLB), and it is clear that the cracks tended to form on the GHABs. The loading axis was horizontal.
